H
igh-school students are frequently asked to measure the local acceleration of gravity, g, as a laboratory exercise. A special adaptation of the physical pendulum, known as Kater's reversible pendulum, 1 is capable of good accuracy but requires a time-consuming procedure and data analysis. 2 With the advent of photogate timing and relatively low-cost microprocessor-based laboratory (MBL) equipment, it should be possible to obtain good precision with simple and rapid techniques. My classes have used the simple pendulum and the picket fence, 3 with photogate timing and the Texas Instruments Calculator-Based Laboratory (CBL). But until recently, when our results were compared with reliable estimates of the local value of g (see box at end of this note), we were often as much as two percent above or below the true value. By tracking down and minimizing sources of measurement and systematic error, we are now able to measure g to within 0.1% or less.
In addition to being a quick and accurate way to measure g, the pickstripe spacing [1/cos()] for 0 Յ Յ 8° and shows that in order for the error in distance measurement to be under 0.1%, the tilt must be less than 2.5Њ. One way to insure this is to support the PF before the drop with a flat-ended wire or nail that passes horizontally through a ~2-mm hole centered in the top edge of the PF and a similar hole in a support bracket. The wire is withdrawn, dropping the PF, only after no visible motion of the PF has been seen for several seconds. By using this technique, the standard deviation in a group of 10 to 20 measurements is reduced by a factor of 4 to 5 when compared with hand-drops.
(b) Minimal PF speed in the photogate is assured by starting with the lower edge of the PF as close to the photogate beam as possible.
Systematic Errors:
(a) Distance. Samples of Vernier software picket fences obtained in 1998, when viewed at 25X or higher magnification, frequently showed scalloping across the opaque stripe et-fence method provides a good review of kinematics if the basis of the method and calculations is discussed. This is also a feature of the "falling object and two photogate" method described several years ago by Childs. 4
Picket-Fence Measurements

Procedure:
Best results are obtained (a) if the picket fence (PF) does not tilt from the vertical as it falls through the photogate, and (b) if the speed of the PF is as low as possible, so that timed intervals are as long as possible and air drag effects are minimized.
(a) Hand-drops of the PF frequently induce some rotational motion about the center of mass of the PF, causing the long axis to tilt from the vertical. This means that the "slant distance" between opaque stripes being viewed by the photogate beam is larger than the perpendicular distance normally used in computations, yielding low g values. Figure 1 plots the ratio of slant distance to opaque- edges, rather than a sharp edge. When compared with a machinist's metric scale, the distance between stripes appeared to differ from the stated value of 5.00 cm by about 0.005 cm, or 0.1%. A sample of these picket fences obtained in the fall of 1999 appears to be much better-scalloping is minimal, and seems restricted to the upper side of the stripe (which will not affect timing measurements), and the spacing between stripes appears to be very close to 5.000 cm, with an outer limit of ± 0.1%.
(b) Timing Resolution. Since time intervals of ~20 to 60 ms are being measured, the resolution and accuracy of the timing hardware and software must be evaluated. We found that the Vernier Software program PHYSICS for the CBL does not optimize the CBL for PF timing and will limit timing precision to 0.2 to 0.4% (standard deviation of 10 to 20 measurements). A modified program 5 improved timing precision by a factor of ~10.
(c) Buoyancy Effect. The air buoyancy force on the PF will make the measured g fractionally too low by the ratio of the density of air (~0.0012 g/mL) to the density of the PF plastic (~1.2 g/mL), or 0.001 = 0.1%. (This correction is easy for students to derive after Newton's second law of motion and buoyancy have been covered.) (d) Air Drag Effect. Air drag is hard to estimate or measure, but at PF speeds of 1 to 3 m/s in the gate, its effect seems to be small (see Results, below).
Simple-Pendulum Measurements
Procedure:
Best results are obtained using a small (2 to 2.5 cm diameter), spherical steel bob suspended by thread from a rigid and well-defined support. For a ~2-s pendulum period (L~t hat to the CM by less than 0.01%.
Results
The techniques described here have been used with a Vernier Software PF, the Vernier photogate, 7 a 2.5-cm drilled steel ball, nylon thread, a CBL, and a TI-83 graphing calculator to make measurements of g. For the picket-fence measurements, an optimized timing program 5 was used; for the pendulum measurements, the Vernier program PHYSICS was used, in the PHOTO-GATE, PENDULUM timing mode.
With the picket fence, the standard deviation of 10 measurements is 0.003 m/s 2 , or 0.03%. The actual value of g, taken from Fig. 3 , was within one standard deviation of the average measured value, i.e., less than 0.03% from the measured value.
With a pendulum whose length was 1.079 m (period ~ 2.08 s), five measurements of the period were taken at angles between 1Њ and 5Њ. In each case five oscillations of the pendulum were averaged to obtain the measured value. After correcting for the angle of swing, the calculated values of g were averaged and the standard deviation of the five values obtained. In this case the standard deviation of five measurements was 0.004 m/s 2 or 0.04%. The actual value of g from Fig. 3 was nearly 0.1% higher than the measured value, or about 2½ standard deviations higher. This deviation is not surprising, since the basic time resolution is 0 .2% in PENDULUM mode, and the length measurement was no better than ±0.1% = ±1 mm. Any air resistance effects were ignored in all measurements. Thus, with good technology and careful attention to detail, the accuracy and precision in the introductory g lab can easily be improved. 1m), the length of the pendulum can be measured to ±1 mm = ±0.1%, or better.
Systematic Errors:
(a) Angle of Swing Correction. The calculation of g from the measured length, L, and period, T, of the pendulum should be corrected for the angle of swing, (measured from the vertical), using the approximation:
+ (9/64) sin 4 (/2)+…. ] 2 (1) Figure 2 plots the correction term (the square of the expression in brackets) for 0 Յ Յ 15Њ. To keep this correction less than 0.1%, we see that the displacement angle must be less than 5Њ. For a ~1-m pendulum, the displacement of the bob must therefore be less than 9 cm.
(b) Timing Resolution. Again, the resolution and accuracy of the timing hardware/software must be evaluated. When using the PENDULUM timing mode of Vernier's PHYSICS program for the CBL, the time resolution is ~ 4 ms, or ~ 0.2% of the pendulum period for a 2-s pendulum.
(c) Buoyancy Effect. For a steel bob, the buoyancy correction is only about 0.014%, and can usually be ignored. The effect will be larger for lower-density bobs.
(d) Air Drag Effect. For a small, smooth, spherical bob, air drag effects seem to be negligible at the speeds of a ~2-s pendulum with small angle displacements.
(e) Length Correction. Swartz 6 has pointed out that the proper measure of length for a simple pendulum is the radius from the pivot point to the center of percussion. For the small spherical bobs recommended, and L~1 m, this length differs from 
Formula for Determining Local g to 0.01% Accuracy
To assess the accuracy of experimental measurements of g, you need to obtain a reliable estimate of the value at your location. Data from precision measurements can be found, but it is unlikely that one has been made in your exact location. So geophysicists have developed a formula 8 from a model that takes into account the nonspherical shape of Earth and the dependence of measured gravity on latitude (because Earth is spinning). An elevation correction is also made. The formula is:
g(m/s 2 ) = 9.780 556 [1+ 0.0052885 sin 2 -0.000 0059 sin 2 (2)] -0.000 0020·H, where is the latitude of the location, and H is the elevation above sea level in meters.
Measurements of g are made by the U. S. Geological Survey (USGS). Formerly made using a physical pendulum with five decimal-place (DP) precision, these measurements are now made using a falling cornerreflector monitored by a laser interferometer, with time intervals from an atomic clock. Eight DP precision is common. Figure 3 plots the formula above as a function of latitude, for 500-m increments in elevation above sea level. Latitude and elevation for your location can be found using a USGS 7.5Ј topographic map of your area or a Global Positioning System receiver. For elevations less than 1000 m, the actual value of g in the United States will differ from the formula value by less than 1 part in 10,000 (0.01%). For elevations greater than 1000 m (3300 feet), 0.002 m/s 2 must be subtracted from the formula value to maintain this accuracy. 
